Vibrational Dephasing Mechanisms in Hydrogen-Bonded Systems
With transient IR hole-burning spectroscopy we observe large variations in the homogeneous linewidth of the n s (O-D) stretch vibration of differently hydrogen-bonded surface hydroxyls in zeolite catalysts. The linewidth is very sensitive to the frequency of the n s ͑OD · · · X) hydrogen-bond vibration. By varying this frequency we obtain conclusive information on the coupling between the n s (O-D) and the n s ͑OD · · · X) modes.
PACS numbers: 33.20.Ea, 63.50.+x, 82. 20.Rp, 78.47.+p Vibrational phase relaxation in condensed phases has received considerable attention in recent decades because it is recognized as a powerful probe of intermolecular interaction dynamics [1] . Recent developments in timeresolved spectroscopy have allowed for, e.g., the measurement of homogeneous vibrational line shapes with IR transient hole-burning techniques [2, 3] and the timeresolved observation of vibrational dephasing by means of a photon-echo experiment [4] . A great number of sophisticated models have been developed to describe vibrational line shapes [5] [6] [7] [8] [9] [10] , some specifically addressing the effect of hydrogen bonds [8] [9] [10] . The spectral bandwidth of a hydrogen-bonded complex is typically an order of magnitude larger than that of the unassociated molecule or oscillator, indicating that the vibrational dephasing rate is strongly influenced by hydrogen-bond formation.
The width of an absorption line can generally be described in terms of inhomogeneous and homogeneous contributions. The former are due to a static distribution of transition frequencies, whereas the latter are determined by energy T 1 and pure dephasing T ‫ء‬ 2 lifetimes of the excitation, leading to a homogeneous linewidth 2pG hom T 21
The phase correlation of an ensemble of oscillators will decay in time due to interactions of a vibration with its surroundings, since these interactions result in modulations of the ͑y 0͒ ! ͑y 1͒ transition frequency. Hence the linewidth is determined by D, the width of the oscillator frequency distribution, and t c , the time scale on which the modulation of the transition frequency occurs. For slow modulation (Dt c ¿ 1) the width of the absorption line is solely determined by D. If the modulation of the transition frequency is sufficiently rapid (Dt c & 1), the net phase evolution of the oscillators will resemble that of the central frequency of the distribution. As a result decay of the macroscopic polarization will be relatively slow, resulting in a sharp absorption band. This phenomenon is well known in magnetic resonance spectroscopy as motional narrowing [11] .
In this Letter we will test two theoretical models describing dephasing in hydrogen-bonded systems. The first model is based on those developed by Marechal and Witkowski [8] and by Bratos [9] , which were of a static nature (slow modulation limit, t c !`). The key point of these theories was the recognition that dephasing of the n s (X-H) stretch vibration occurs through coupling to the hydrogen bridge stretching mode n s (XH· · · Y), directed along the same spatial coordinate as the n s (X-H) highfrequency mode itself; the coordinate of the n s ͑XH · · · Y) mode r s determines the frequency of the n s (X-H) mode. In the extension of this model by Robertson and Yarwood [10] the dynamics of the coupling were incorporated by introducing a stochastic modulation of the r s coordinate superimposed on the n s ͑XH · · · Y) vibration. This causes a frequency modulation of the high-frequency n s (X-H) mode through the time evolution of r s . The anharmonic coupling term V anh between n s (X-H) and n s ͑XH · · · Y) is linear in the coordinate r s ͑t͒ of the n s ͑XH · · · Y) mode: V anh~rs ͑t͒. This description is in sharp contrast with that of the second theoretical model by Shelby and Harris [7] , where the coupling depends on the coordinate of the low-frequency mode r s to second or higher order [7] V anh~r 2 s ͑t͒. In that model the modulation of the n s (X-H) transition frequency occurs through anharmonic coupling to a low-frequency mode, which undergoes energy exchange with the bath.
Although both theories have been successful in accounting for existing experimental data for hydrogen-bonded systems separately [2, 12] , the models have not been comparatively tested. From previous experiments it is clear that temperature variation [2, 13] , change in hydrogen-bond strength due to different hydrogen-bond acceptor͞donor [14] , change of solvent [15] , and isotopic substitution [12] lead to severe complications in the interpretation of the data, since both D and t c will change. We investigate the nature of the coupling between the high-frequency mode and the n s ͑XH · · · Y) mode for differently hydrogenbonded O-D groups. We will show that a variation of exclusively the n s ͑XH · · · Y) hydrogen-bond frequency is the decisive test for the different models. The O-D groups under investigation are hydrogen-bonded deuterated surface hydroxyl groups in zeolites. Adsorption of different adsorbates allows us to regulate D and t c in a controlled manner through the adsorbate mass and hydrogen-bond strength. We investigate the homogeneous linewidth with IR transient spectral hole burning. Our setup consists of two independently tunable (2500 4000 cm 21 , bandwidth 6 cm 21 at 2650 cm 21 ) 25 ps infrared pump and probe pulses (repetition rate of 10 Hz) with respective energies of ϳ100 and 1 mJ [16] .
In Fig. 1 , transient spectra are shown for O-D groups in the small cages of Y zeolite known to be hydrogen bonded to zeolite lattice oxygen atoms [17] (OH · · · O latt , upper panel) and O-D groups in the large cages to which gaseous nitrogen is adsorbed [18] (lower panel). Both the center frequency of the absorption band (see inset, Fig. 1 ) and the population lifetime T 1 of 45 ps are the same for both O-D groups [19] (as we observed previously for the nondeuterated OH · · · O latt and OH · · · N 2 groups [20] ) , implying an equal hydrogen-bond strength [20, 21] . For the OH · · · O latt groups, the pump pulse burns a hole in the absorption spectrum (see also Ref. [16] ), whereas, remarkably, for the OD · · · N 2 groups the whole absorption band decreases in amplitude. We have shown previously that the hydrogen bond between the O-D group and the adsorbate remains intact upon vibrational relaxation [20] .
From the width of the hole we derive [16] that the FWHM homogeneous linewidth (assumed Lorentzian) is 0.75 6 0.4 cm 21 for the OD · · · O latt groups at 100 K and 13 6 1.5 cm 21 for the OD · · · N 2 system (dashed lines in Fig. 1 ) yielding pure dephasing times T ‫ء‬ 2 20610 and 0.82 6 0.1 ps, respectively. The effect of power broadening by the pump pulse is taken into account in the calculations [16] . The large difference in T ‫ء‬ 2 indicates different dephasing mechanisms for the two systems. This is confirmed by the difference in temperature dependence of T ‫ء‬ 2 for the two systems shown as an Arrhenius plot in Fig. 2 , obtained from G hom and T 1 measured over the temperature range. For the OD · · · O latt groups an activation energy of 200 6 70 cm 21 is observed, and for the OD · · · N 2 groups, none.
The enormous difference in the homogeneous linewidths can be understood by considering the hydrogen bond potentials for y OD 0 and y OD 1 for the two systems schematically depicted in Fig. 3 . In the presence of adsorbates, the potential is strongly anharmonic and dissociative. Furthermore, it is well known that the potentials for the ground and excited states are different [21] ; the hydrogen bond is stronger for y 1 than for y 0, and hence the potential energy minimum is situated at smaller r s (O · · · X distance) for y 1 [21] . Hence D is determined by the difference between the y 0 and y 1 potentials, i.e., by a change in the hydrogen bond [21] . In contrast, for the OD · · · O latt the potential energy curves are dictated by lattice parameters; the OD · · · O latt distance is determined not by the electrostatic interaction between the deuterium and the O latt , but by the geometry of the zeolite lattice. Hence the potential is nondissociative, and very similar for the ground and excited states of the O-D vibration. The D resulting from coupling to the hydrogen-bond mode will consequently be very small, and a different broadening mechanism will take over (see below). The overall inhomogeneous absorption line, in contrast, is determined by the hydrogen bond; the broadening is due to a static distribution of the hydrogen-bond strengths. This is consistent with previous experiments which showed that the vibrational lifetime T 1 increases with increasing frequency within the absorption band [22] , indicating that with increasing frequency the hydrogen-bond strength decreases [17] . The observation of an activation energy, as observed for the (OD · · · O latt ) groups, is the key prediction of the Shelby-Harris model of dephasing. Exactly the same activation energy is observed for zeolite O-D groups not hydrogen bonded to the lattice. This confirms that for the (OD · · · O latt ) groups, the dephasing is not caused by the hydrogen bond, but that dephasing is due to coupling to a zeolite lattice mode. This mode is presumably the 260 cm 21 lattice oxygen mode, since there are no other modes between 100 and 300 cm 21 [23] . For the OD · · · N 2 groups where it is the hydrogen bond that is responsible for the dephasing process, the absence of a temperature dependence (neither observed for other adsorbates) does not particularly support one of the models. The absence of temperature dependence may be due to, e.g., a very small activation energy for this system (note that data points could be obtained only in the small range from 90 to 140 K). Hence, the dependence of the linewidth on temperature cannot give conclusive information on the mechanism of dephasing induced by the hydrogen-bond mode.
The decisive test for the two theoretical models is to change only the frequency of the n s mode: Upon an increase of the n s frequency, the Shelby-Harris quadratic coupling model predicts a slower modulation of the transition frequency, since an increase of this frequency implies slower exchange with the bath. In the slow modulation limit, this will result in a narrowing of the line, since the polarization will live longer. However, the limit of slow modulation implies that vibrational population lifetimes T 1 is very short, whereas a relatively long T 1 of 45 ps is observed. In the regime of fast modulation, appropriate to our system, the Shelby-Harris model predicts a broadening of the absorption line, since less motional narrowing will occur; due to the slower exchange t c will increase. Conversely, Robertson and Yarwood predict a narrowing of the line, since in their model the coordinate r s determines the dephasing directly and r s ͑t͒ will fluctuate more rapidly with increasing n s ͑XH · · · Y) frequency. If the stochastic modulation of r s is described by an Ornstein-Uhlenbeck process [10] , then the rate of frequency modulation of the n s (X-H) mode is determined by the frequency of the hydrogen-bond stretching mode n s , as well as a damping parameter g: t c g͞n 2 s . The frequency of the n s mode can be modified simply by changing the adsorbate. Methane, for example, has a lower mass but the same adsorption energy as nitrogen, resulting only in an increase in the n s ͑XH · · · Y) frequency. The homogeneous linewidths G hom exp obtained after adsorption of methane, carbon monoxide, and xenon are shown in Table I . Methane produces the same shift of the O-D stretching frequency (and a very similar absorption line) but has only half the mass of nitrogen, and hence n s will decrease by a factor of p 2. As shown in Table I , the homogeneous linewidth decreases significantly to 8 cm 21 , conclusively validating the Robertson-Yarwood model for this system. For xenon t c will be relatively large [high mass, therefore low n s ͑OD · · · X) frequency], and we observe a homogeneous linewidth of 28 cm 21 , despite the smaller adsorption energy and hence smaller D.
The Robertson-Yarwood expression for t c provides a quantitatively correct description of our data. Assuming a damping parameter g of 50 cm 21 in accordance with Refs. [12, 14, 15] , and a n s ͑OD · · · X) frequency of 100 cm 21 for X N 2 [24] , we find that a value of 46 cm 21 for D is required to account for the observed hole of 14 cm 21 (implying Dt c 0.23, i.e., the modulation is in the intermediate regime and motional narrowing is important in the description of the linewidth). We take this set as a reference to calculate the linewidths of the other adsorbates. If the degree of anharmonicity of the (OD · · · X) potential (assumed Morse) remains the same for the different adsorbates, then for the other adsorbates the n s ͑OD · · · X) frequency is readily calculated as a function of adsorption energy E ads and adsorbate mass M ads (viz. the reduced mass of this vibration). The calculated linewidths resulting from this straightforward procedure Heats of adsorption for CO and N 2 obtained from Ref. [25] , others are estimated from Dñ OD (see Ref. [24] ).
are shown in Table I , where g is assumed to be independent of adsorbate and D scales with the heat of adsorption. The agreement with the data is satisfactory, and it should be noted that the results depend only weakly on the assumed reference values for g and n s for nitrogen.
In conclusion, we have investigated the influence of hydrogen bonds on the vibrational line shape. Depending on the hydrogen-bond potential, the homogeneous linewidth in hydrogen-bonded systems is not necessarily determined by coupling to the low-frequency hydrogen-bond mode. When dephasing is caused by the hydrogen bond, in the case of the O-D groups with adsorbates, it is clear that the physical picture behind the Robertson-Yarwood model is correct: Dephasing of the n s (OD) mode occurs by coupling to the n s ͑OD · · · X) mode. This coupling is linear in the hydrogen-bond coordinate r s , which is stochastically modulated in time.
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